with the volume fraction of pearlite and the mean free distance of pearlite in ferrite plus pearlite initial microstructures. Likewise, two equations have been proposed for the determination of the start (Ac 1 ) and (Ac 3 ) finish temperatures of austenite formation as a function of those variables.
The aim of this work is to evaluate the influence of heating rate and initial microstructure on the anisothermal formation of austenite. In this sense, the start (Ac 1 ) and finish (Ac 3 ) temperatures of austenite formation have been determined on dilatometric curves obtained at various heating rates in steels with ferrite and /or pearlite initial microstructures. As it was expected, Ac 1 and Ac 3 temperatures rises linearly with heating rate, except for steels with a pure ferrite initial microstructure where the Ac 1 temperature is almost insensitive to heating rate over the range studied. Experimental results in steels with a pearlite and ferrite-pearlite initial microstructures also show that the elevation of the critical temperatures with heating rate is quite sensitive to the morphology of pearlite. It seems that the higher the heating rate is, the stronger the influence of morphology on the critical temperatures are. This experimental study and the knowledge of the mechanisms that control the austenite formation process have allowed to establish the variables that most directly influence this reaction in steels with pearlite and ferrite-pearlite initial microstructures. Those are the heating rate and the two parameters that characterise the morphology of pearlite, the mean true interlamellar spacing and the edge length of the pearlite colonies interface in pearlitic steels, together
Introduction
The formation of austenite during heating differs in many ways from those transformations that occur during the cooling of austenite. For instance, the kinetics of austenite decomposition can be described completely in terms of the chemical composition and the austenite grain size. By contrast, the microstructure from which austenite may form is more complex and additional variables are therefore needed to describe the kinetics of austenite formation. Factors such as particle size, distribution and chemistry of individual phases, homogeneity and the presence of non-metallic inclusions should all be important. [1] [2] [3] [4] Thus, in the case of formation of austenite from pearlite, the most relevant structural factor to be considered is the interlamellar spacing of pearlite.
5)
The development of dual-phase steels by partial austenitisation revived the interest for the heating part of the heat treatment cycle in the eighties. Dual-Phase steels, widely used in the automobile industry, are characterised by a superior combination of mechanical properties. These steels are produced by annealing low carbon steels in the intercritical temperature range with the aim of obtaining ferrite-austenite mixtures, and subsequent quenching to transform the austenite phase into martensite. [6] [7] [8] Speich et al. 2) and, Garcia and DeArdo 1) described in detail the mechanisms that control the austenite formation process under isothermal conditions in low carbon steels with a ferritepearlite initial microstructure. Later, Roosz et al. 9) quantitatively determined the influence of the initial microstructure on the nucleation rate and grain growth of austenite during isothermal treatment of an eutectoid plain carbon steel. All these reports emphasised the importance of the microstructure that exists before intercritical annealing.
However, little information is available about the austenite formation in steels subjected to continuous heating. Recently, some researchers have adopted a new approach to the problem using artificial neural network. 10, 11) This has helped to identify the fact that a neglect of the starting microstructure can lead to major errors in the transformation temperatures, sometimes by more than 100 °C. In this sense, the aim of this work is to evaluate the influence of heating rate and microstructural parameters such as interlamellar spacing of pearlite and the mean free distance of pearlite on the anisothermal formation of austenite in steels with initial microstructures consisting of ferrite and/or pearlite. This study will allow to establish the variables that most directly influence the austenite formation process and to propose two empirical formula for the determination of the start (Ac 1 ) and finish (Ac 3 ) temperatures of austenite formation as a function of those variables. Table 1 lists the chemical composition of the studied steels. FERR steel in Table 1 has a full ferrite initial microstructure as shown in Fig. 1 . Specimens of this steel were ground and polished using standardised techniques for metallographic examination. Nital -2pct
Experimental Procedure
etching solution was used to reveal the ferrite microstructure by optical microscopy.
The ferrite grain size was measured on micrographs. An average ferrite grain diameter (D) of 158 µm was estimated by counting the number of grains intercepted by one or more straight lines long enough to yield at least fifty intercepts in total. The effect of a moderately non-equiaxial microstructure was eliminated by counting the intersections of lines in four or more orientations covering all the observation fields with an approximately equal weight.
12)
The following heat treatments were carried out to yield in PEARL steel (Table 1) fully pearlitic microstructures with different scale parameters. Specimens were austenitised for 5 min at 1000 ºC, isothermally transformed at one of two different temperatures and subsequently cooled rapidly to room temperature. Table 2 lists the temperatures and holding times used for the isothermal formation of pearlite with different morphological parameters in this steel. Specimens were ground and polished using standardised techniques and finished on 0.25 µm diamond paste for metallographic examination.
2pct-Nital etching solution was used to reveal the microstructure by light optical microscopy (LOM). Micrographs in Fig. 2 .a and Fig. 2 .b confirm that 100 % transformation to pearlite occurs at both heat treatments performed (Table 2 ). An etching solution of picric acid in isopropyl alcohol with several drops of Vilella's reagent was also used to reveal pearlite in PEARL1 specimen on a JEOL JXA-820 scanning electron microscope (SEM) (Fig. 2 .c). Pearlite in PEARL2 specimen was characterised by transmission electron microscopy (TEM). For this, 3 mm diameter cylindrical samples were sliced into 100 µm thick discs and subsequently ground down to foils of 50 µm thickness on wet 800 grit silicon carbide paper. These foils were finally electropolished at room temperature until perforation occurred, using a twin-jet at an operating voltage of 200 kV. (Fig. 2.d ).
MIXT steel in Table 1 is a low carbon-low manganese steel with a ferrite plus pearlite initial microstructure. Semi rolled slabs 36 mm thick were soaked at 1250 ºC for 15 min., hot rolled to 6 mm in several passes, and finally air cooled to room temperature.
Specimens of this steel were reheated to 1000 ºC, held for 60 seconds and cooled at one of three different cooling rates to obtain three ferrite and pearlite starting microstructures with different morphology of pearlite (MIXT2→4). Table 3 .
Approximating the pearlite colony by a truncated octahedron, the edge length of the Table 4 and 5, respectively.
Likewise, Table 5 shows the mean free distance of pearlite for MIXT steel, λ, which is the mean edge-to-edge distance, along ramdom straight lines, between all possible pairs of pearlite nodules in a ferrite plus pearlite microstructure. The mean free distance of pearlite is 13) :
where V P is the volume fraction of pearlite and N L is the number of pearlite interceptions per unit length of test line.
To evaluate the influence of heating rate and initial microstructure on the anisothermal formation of austenite, specimens with different initial microstructures (FERR, PEARL1-2 and MIXT1-4 specimens) were heated at a constant rate ranging from 0.005 to 100 ºC/s in a Adamel Lhomargy DT1000 high-resolution dilatometer. The dimensional variations in the specimen are transmitted via an amorphous silica pushrod and measured by a linear variable differential transformer (LVDT) in a gas-tight enclosure enabling to test under vacuum or in an inert atmosphere. The DT1000 dilatometer is equipped with a radiation furnace for heating. The energy radiated by two tungsten filament lamps is focused on a cylindrical specimen of 2 mm in diameter and to a minimum corresponds to the formation of austenite from some grains of ferrite that remains untransformed in the microstructure. As Datta et al. 16) found under isothermal conditions, those residual ferrite grains transform almost instantaneously due to a change in ferrite-to-austenite transformation kinetics.
Results and Discussion
The influence of heating rate and initial microstructure on the anisothermal formation of austenite has been evaluated from the determination of the heating critical temperatures, up to about 1 ºC/s, whereas a stronger influence of heating rate on those critical temperatures is observed at higher rates. An increase of up to about 100 ºC is detected in the critical temperatures as heating rate is risen from 10 to 100 ºC/s in both steels. For FERR steel, Fig. 6 suggests that the Ac 1 temperature is almost insensitive to heating rate over the range studied, whereas Ac 3 temperature follows a tendency similar to that found in PEARL and MIXT steels. In all the cases, it seems a reasonable approach to consider that Ac 1 and Ac 3 temperatures rises linearly with heating rate. The different linear regressions observed for different morphology of pearlite in PEARL and MIXT steels suggests that the elevation of the critical temperatures with heating rate is quite sensitive to morphological parameters. However, this influence is not independent of the heating rate. It seems that the higher the heating rate is, the stronger the influence of morphology on the critical temperatures is.
The independence of the transformation start temperature from heating rate in FERR steel is consistent with a massive transformation that does not involve long range diffusion process. Speich and Szirmae estimated the maximum ferrite/austenite interface velocity as 0.016 m/s for a 200 µm ferrite grain diameter. 18) This is a very high velocity but still much less than that reported for diffusionless transformations, about 10 3 m/s. 19) Formation of austenite from ferrite is well established to be a nucleation and growth process. The potential nucleation sites for austenite in pure iron are either in the matrix,
at grain boundary faces, at grain boundary edges, or at grain corners 20) . All of them are exhausted early in the transformation 21) and the reaction is then further controlled by growth. The growth rate of austenite into ferrite, G, is given by 22) :
where δ is the boundary thickness, ν is the number of attempts to jump the boundary activation barrier per unit time, k is the Boltzman constant, T is the absolute temperature, ∆G act is the free energy for the activated transfer atoms across the ferrite/austenite interface, ∆S is the entropy of activation per atom, ∆H is the enthalpy of activation per atom, and ∆g α→γ is the Gibbs free energy difference per atom between the α and γ phases. The values of ∆H and ν are uncertain but are generally assumed to be equal to the enthalpy of activation for grain boundary diffusion 23) and to kT/h (being h Planck constant), respectively. The value of ∆S is also uncertain and may be negative or positive. Figure 9 shows the Gibbs free energy change for the ferrite-to-austenite transformation, ∆g α→γ , for FERR steel. This energy has been obtained according to the thermodynamic calculations proposed by Aaronson et al. 24, 25) and Kaufman et al.. 26) In order to account for the effects of alloying elements into calculation, Zener factorisation of the free energy into magnetic and non-magnetic components has been performed. 27) The start temperature of the transformation corresponds to the temperature at which 0 = ∆ →γ α g i.e. the root of ∆g α→γ function (907 ºC for FERR steel according to Fig. 9 ). This temperature is quite similar to the Ac 1 temperatures measured in FERR steel over the heating rate range studied. Taking into account that the Gibbs free energy only depends on the chemical composition of the steel, the independence of the transformation start temperature from heating rate in FERR steel is then understood.
Regarding Ac 3 temperature in this steel, kinetics theory 28) shows that a massive transformation such as ferrite-to-austenite transformation takes place almost instantaneously (1 ºC), whereas the present experimental results revealed that this transformation needs between 20 and 100 ºC to reach completion depending on the heating rate. These behaviour only can be explained by some kinetic hindrance to transformation which is more significant, the higher the heating rate is.
As it has been pointed out, in PEARL and MIXT steel, the Ac 1 and Ac 3 temperatures rise linearly with heating rate over the studied range and they are quite sensitive to the morphology and dispersion state of pearlite. Figs. 7 and 8 show that the heating critical temperatures are higher, the coarser the interlamellar spacing of the initial pearlite is, and the higher the heating rate is. Moreover, it seems that the heating critical temperatures increase as the mean free distance of pearlite nodules increases in the ferrite plus pearlite initial microstructure for MIXT steel (Fig. 8 ). The behaviour with the heating rate is not unusual since nucleation and growth kinetics are time-dependent phenomena. Likewise, this behaviour with change in the morphology and distribution state of pearlite appears logical since the rate at which the austenite formation can proceed depends on the rate at which carbon atom can be provided to the ferriteaustenite interface; this rate is very much dependent on the carbide shape, size and distribution. The first step of austenite formation in steels with a ferrite-pearlite starting microstructure consists of pearlite dissolution and growth of austenite into pearlite. 29) This process is controlled primarily by carbon diffusion in the austenite, with a diffusion distance about equal to the interlamellar spacing of the pearlite, unique morphology factor that affect the growth kinetics of austenite into pearlite.
Determination of Ac 1 and Ac 3 temperatures as a function of heating rate and pearlite morphology for steels with a pearlite and ferrite-pearlite initial microstructure
2) However, the nucleation of austenite in pearlite may be also sensitive to morphological parameters such as the edge length of the pearlite colonies since the points of intersection of cementite with the edges of the pearlite colony are preferential sites for austenite nucleation into pearlite. 1,2,9,18) Subsequent steps of austenite growth into ferrite will be controlled by carbon diffusion in the austenite.
2) Those processes are not expected to be ferrite microstructure-sensitive, but might depend on the dispersion state of pearlite.
Thus, morf f 1 and morf f 3 will depend on the morphology and dispersion state of pearlite.
The determination of both functions will be analogous for steels with a pearlite and ferrite-pearlite initial microstructures, since the mean free distance of pearlite, or microstructural parameter that characterises the dispersion state of pearlite for a fully pearlitic microstructure is obviously zero.
Nucleation and growth processes under isothermal condition can be described in general using the Avrami's equation 30) :
where V γ represents the formed austenite volume fraction,
• N is the nucleation rate, G is the growth rate and t is the time. If the nucleation and growth rates do not depend on temperature and time, the time needed to transform a small volume fraction of austenite δ (about 0.01), at the starting point of transformation, will be expressed as follows:
The difference between Ac 1 and Ae 1 in continuous heating is approximately the product of t(δ) and the heating rate, As it was mentioned above, the nucleation of austenite inside pearlite takes place preferentially at the points of intersection of cementite with the edges of the pearlite colony. Approximating the pearlite colony as a truncated octahedron, the number of nucleation sites per unit volume is calculated as
, where a P is the edge length of the pearlite colony and σ o is the interlamellar spacing. 15) It seems reasonable then to assume the function f N in equation (9) to be proportional to the number of nucleation sites per unit volume i.e.
( )
, being i a constant. 9) Roosz et al. 9) investigated all the three cases of microstructure dependence for i = 1, 2 and 3 , and they found that their measured values of austenite volume fraction were best described with i=2.
On the other hand, austenite nuclei in pearlite grow when carbon atoms are transported by diffusion to the ferrite/austenite boundary from the austenite/cementite boundary through the austenite and from the ferrite/cementite boundary through the ferrite, resulting in a transformation of the ferrite lattice to an austenite lattice. 31) As in the case of the reverse transformation (austenite-to-pearlite transformation), the growth rate of austenite in pearlite is believed to be controlled by the volume diffusion of carbon in the growing phase 2, 18) , and it is assumed that the effective diffusion distance is approximately equal to the interlamellar spacing of pearlite. Hillert et al. 31) studied the isothermal formation of austenite from a mixture of ferrite and pearlite, and suggested that the expression of the austenite growth rate in pearlite could have the general form
. Thus, the function f G in equation (9) can be expressed as
Therefore the function morf f 1 in equation (9) and thus equation (4) can be rewrite as follows, Following the above reasoning, the microstructure dependence of Ac 3 temperature can be also determined. In general, it appears reasonable to assume that the temperature at which the transformation is completed must depend mainly on the growth rate of the transformation since nucleation sites saturate early in the reaction and the reaction is then controlled by growth. This assumption is adequate for austenite formation in both pearlitic and ferrite plus pearlite steels, since in both type of steels, the transformation during heating occurs within a finite temperature range. In the case of PEARL steel, it has been found that austenite formation occurs in a temperature range of 20 or 50 ºC depending on the morphology of pearlite and the heating rate. This is a rapid transformation, but not instantaneous. It seems reasonable then to consider all of the nucleation sites exhausted lately in the transformation and the reaction controlled by growth in both PEARL and MIXT steels. In this case, the reaction law in equation (6) can be expressed with an exponent of 1 in time in Avrami's equation, 20) ( )
where K is a constant that contains the number of nucleation sites for austenite and G is the growth rate of austenite. The influence of the microstructure on Ac 3 temperature can then be formulated in the same way than equation (8),
The growth of austenite in pearlite, or first step of austenite formation in steels with a ferrite-pearlite starting microstructure, is primarily controlled by the volume diffusion of carbon atom in the austenite with a diffusion distance about equal to the interlamellar spacing of the pearlite. After completion of pearlite disolution, austenite grows into the surrounding ferrite. The growth rate of austenite in ferrite is mainly controlled by carbon diffusion through the austenite. for a steel with a pearlite and ferrite plus pearlite initial microstructure 31) . However, the progress of ferrite-to-austenite transformation depends on the amount of pearlite in the initial microstructure (i.e. volume fraction of pearlite, V P ) and its dispersion state since the nucleation sites of austenite are in pearlite. The number of nucleation sites for austenite (K) depends on the surface area per unit volume of pearlite nodules (S v ).
Therefore, the microstructure dependence of Ac 3 temperature, morf f 3 , will depend on the volume fraction of pearlite, its morphology and, on the surface area per unit volume of pearlite in a ferrite plus pearlite initial microstructure:
In this sense, the following general form for morf f 3 is proposed:
where V P is the volume fraction of pearlite, N L is the number of pearlite interceptions per unit length of test line 13) , and λ is the mean free distance of pearlite. In the case of a fully pearlitic microstructure (16) and thus equation (5) can be rewrite as follows, Resembling experimental results, equations (11) and (17) suggest that an increase in the heating rate leads to an elevation of the start and finish temperatures of austenite formation independently of the morphology of pearlite, whereas the morphological parameters of pearlite only affect the critical temperatures at high enough heating rates.
Thus, the heating critical temperatures can be factorised into three intrinsic components:
the influence of the composition of the steel, the effect of the heating rate and the convoluted effect of microstructure and heating rate.
Comparison between experimental and calculated Ac 1 and Ac 3 values using equations (11) and (17) is almost insensitive to heating rate over the range studied. This independence of the transformation start temperature from heating rate is consistent with a massive transformation that does not involve long range diffusion process.
2. Experimental results in steels with a pearlite and ferrite-pearlite initial microstructures show that that elevation of the critical temperatures with heating rate is quite sensitive to the morphology of pearlite. This influence is not independent of the heating rate. It seems that the higher the heating rate is, the stronger the influence of morphology on the critical temperatures is. The elevation of the critical temperatures with the heating rate in these steels is not unusual since nucleation and growth kinetics are time-dependent phenomena. Likewise, the behaviour with the morphology of pearlite is explained by the fact that the rate at which the austenite formation can proceed depends on the rate at which carbon can be available in the ferrite. This rate is very much dependent on the pearlite morphology and its dispersion state. Table 4 . Morphological characterisation of pearlite in PEARL steel 
